It has been suggested that sequences located within the 5 noncoding region of human foamy virus (HFV) are critical for expression of the viral Gag and Pol structural proteins. Here, we identify a discrete ϳ151-nucleotide sequence, located within the R region of the HFV long terminal repeat, that activates HFV Gag and Pol expression when present in the 5 noncoding region but that is inactive when inverted or when placed in the 3 noncoding region. Sequences that are critical for the expression of both Gag and Pol include not only the 5 splice site positioned at ؉51 in the R region, which is used to generate the spliced pol mRNA, but also intronic R sequences located well 3 to this splice site. Analysis of total cellular gag and pol mRNA expression demonstrates that deletion of the R region has little effect on gag mRNA levels but that R deletions that would be predicted to leave the pol 5 splice site intact nevertheless inhibit the production of the spliced pol mRNA. Gag expression can be largely rescued by the introduction of an intron into the 5 noncoding sequence in place of the R region but not by an intron or any one of several distinct retroviral nuclear RNA export sequences inserted into the mRNA 3 noncoding sequence. Neither the R element nor the introduced 5 intron markedly affects the cytoplasmic level of HFV gag mRNA. The poor translational utilization of these cytoplasmic mRNAs when the R region is not present in cis also extended to a cat indicator gene linked to an internal ribosome entry site introduced into the 3 noncoding region. Together these data imply that the HFV R region acts in the nucleus to modify the cytoplasmic fate of target HFV mRNA. The close similarity between the role of the HFV R region revealed in this study and previous data (M. Butsch, S. Hull, Y. Wang, T. M. Roberts, and K. BorisLawrie, J. Virol. 73:4847-4855, 1999) demonstrating a critical role for the R region in activating gene expression in the unrelated retrovirus spleen necrosis virus suggests that several distinct retrovirus families may utilize a common yet novel mechanism for the posttranscriptional activation of viral structural protein expression.
The foamy viruses (FVs) are a distinct family of complex retroviruses that are only very distantly related to the pathogenic lentiviruses and oncoviruses. While they infect a wide variety of cell types, producing a characteristic foamy cytopathology in cultures, they appear to be entirely nonpathogenic in vivo (11, 22) . Although the FV replication cycle remains incompletely understood, what is known so far distinguishes them from other retroviruses in a number of ways. For example, both DNA and RNA have been isolated from virions (32) ; the structural proteins Gag and Pol are translated from separate mRNAs, not as a fusion protein (5, 12) ; and two elements, one located in the 5Ј region and another located in pol, contribute to packaging of the viral RNA (6, 9) . These differences have led to the consideration that in evolutionary terms, FVs may lie somewhere between retroviruses and hepadnaviruses (18) .
The long terminal repeat (LTR) sequences of FVs are among the longest found in retroviruses, and key features have been assigned to the LTR of the prototype human FV (HFV). For example, several DNA response elements for the viral transactivator of transcription, Tas, are located within the LTR U3 region (7, 14) , while the major splice donor (SD) for the production of spliced mRNAs is located at position ϩ51 in the R region (23) . Moreover, it has been proposed that the R region of the HFV LTR is indispensable for efficient production of the viral structural proteins Gag and Pol (10) . How the R region of HFV exerts this effect is not known, although it has been reported that this region has little effect on the level of gag mRNA and is therefore likely to act at a posttranscriptional level.
One intriguing possibility is that the R region of HFV induces the nuclear export of the incompletely spliced HFV mRNAs that encode Gag and Pol. All retroviruses require the cytoplasmic translation of not only fully spliced but also unspliced and sometimes singly spliced forms of the initial, genome-length viral transcript (4) . However, cells have developed mechanisms to prevent the nuclear export of immature, incompletely spliced cellular mRNAs, and these mechanisms also restrict the nuclear export of incompletely spliced retroviral mRNAs. To overcome this nuclear retention, different retroviruses have developed distinct mechanisms. For example, lentiviruses such as human immunodeficiency virus type 1 (HIV-1) encode a regulatory protein, termed Rev, that directly binds not only to a cis-acting RNA target sequence present in target viral mRNAs but also to the nuclear export factor Crm1 (8, 21, 24) . Because these Rev proteins are encoded by fully spliced viral mRNA, they are produced early in the viral life cycle and only then induce the expression of the incompletely spliced, late viral mRNAs that encode the viral structural proteins. An alternative strategy is used by certain simple retroviruses, such as Mason-Pfizer monkey virus (MPMV) and avian leukemia virus (ALV). Both of these viruses encode a constitutive transport element (CTE) that directly recruits a cellular nuclear export factor distinct from Crm1 to unspliced retroviral transcripts, thereby inducing their nuclear export (1, 31) . However, for the majority of retrovirus families, including the FVs, it remains unclear how the incompletely spliced or unspliced viral RNAs reach the cytoplasm despite the predicted nuclear retention by cellular factors.
In this study, we have confirmed the critical importance of the R region of HFV for the expression of Gag and have defined the minimal sequence required for this activity. Our data demonstrate that the R region does not act at the transcriptional level or at the level of retroviral nuclear RNA export but rather suggest that this sequence primarily acts to enhance the cytoplasmic utilization of mRNAs encoding Gag.
MATERIALS AND METHODS
Plasmid construction. The mammalian expression plasmid pCI (Promega) contains the cytomegalovirus (CMV) immediate-early (IE) promoter linked to a chimeric intron followed by a polylinker and the simian virus 40 late polyadenylation site. In all constructs, unless specifically stated, the chimeric intron was deleted via the AflII sites at positions 820 and 1017, producing vector pCi⌬. Plasmid pRR0 contains the first 65 bp of the R region and an optimized translation initiation codon (5ЈGCCGCCGCCACCATGG3Ј) (15) linked to the HFV gag and pol genes. This plasmid was inserted into pCi⌬ between the CMV IE promoter and the polylinker via the NheI and XhoI sites (Fig. 1A) . Plasmid pRR2 (Fig. 1A) , containing the first 151 bp of the R region and gag and pol of HFV, was generated from pRR0 in such a way that it was possible to remove the entire R region via an EagI site inserted downstream of the R region and the For both panels B and C, "Blank" refers to untransfected 293T cells.
upstream NheI site. This plasmid was then used to produce a series of constructs containing different sections of the R region (Fig. 1A) . Plasmid pRR8 was constructed by inserting the 151-bp R region into pRR3 downstream of gag and pol via the KpnI and SalI sites.
Plasmids pRR3 and pRR0 were used to create constructs containing non-HFV sequences. Plasmid pRR3-IRES was generated by introducing a poliovirus internal ribosome entry site (IRES) from pPBS (6, 25) upstream of gag and pol in pRR3 via the NheI and EagI sites. Plasmid pRR3-CTE was constructed by introducing the CTE from MPMV downstream of the gag and pol genes via the KpnI and SalI sites. The CTE was cloned from plasmid pSARMX (from Eric Hunter). Plasmid pRR3-RRE was constructed by inserting the HIV-1 Rev response element (RRE) (21) into pRR3 downstream of HFV gag and pol via the restriction sites XhoI and KpnI. Plasmid pRR0-SDSA was constructed by cloning the R region and the gag and pol genes of pRR0 into mammalian expression vector pCI retaining the chimeric intron via the NheI and MluI sites. Plasmid pRR3-intron contains the more 3Ј intron from the rat preproinsulin II gene derived from pBC12/CMV (3) and cloned downstream of gag and pol via the MluI site. Excising the intron via the XhoI and SalI sites and inserting it downstream of gag and pol in pRR0, pRR2, and pRR0-SDSA generated pRR0-intron, pRR2-intron, and pRR0-SDSA-intron, respectively. Plasmids pRR3-IRES-CAT, pRR0-IRES-CAT, and pRR2-IRES-CAT were generated by excising the IRES-chloramphenicol acetyltransferase (CAT) sequence from pSLIIB/CAT (28) via the HindIII and BamHI sites and cloning it into pRR3, pRR0, and pRR2, respectively, via the MluI site.
DNA transfection. 293T cells were maintained as previously described (31) and seeded at 2 ϫ 10 6 per 100-mm dish on the day prior to transfection. Transfection was carried out using the Calcium Phosphate Profection Mammalian Transfection kit (Promega) and 10 g of plasmid DNA. Sixteen hours posttransfection, the medium was changed. Forty-eight hours posttransfection, cells were counted, pelleted by centrifugation at 400 ϫ g for 5 min, and resuspended in proteindenaturing buffer (16) at 10 6 cells per 50 l of buffer. Induced CAT activity was determined from cell lysates as previously described (31) .
Analysis of viral proteins. Proteins were analyzed on denaturing 10% polyacrylamide gels by electrophoresis and Western blotting. HFV proteins were detected using anti-HFV human serum and then goat anti-human immunoglobulin G (IgG) F(ab) 2 RPA. RNase protection analysis (RPA) was performed using a Hyspeed RPA kit (Ambion). For analysis of total cellular gag and pol mRNA expression, 293T cells were transfected with pRR0, pRR2, or pRR3; total cellular RNA was isolated 2 days after transfection. The levels of gag and pol mRNA expression were then determined by RPA (31) using a single-stranded 229-nucleotide (nt) probe spanning the pol 3Ј splice site located at position 1848 within the HFV genome (12) .
For determination of the relative levels of cytoplasmic and nuclear mRNA expression, 293T cells were transfected with an HFV Gag-Pol expression plasmid supplemented with pBC12⌬I (3) as an internal control. At 48 h after transfection, cells were harvested and aliquots were used for Western blot analysis as described above. The remainder of the cells were then separated into nuclear and cytoplasmic fractions after treatment with a Nonidet P-40 lysis buffer as previously described (31) . Total RNA was isolated from the nuclear and cytoplasmic fractions and subjected to RPA using a 181-nt RNA probe that traverses the 3Ј splice site of the rat preproinsulin II gene intron.
RESULTS
The R region is necessary for both Gag and Pol expression and acts in a position-and orientation-dependent manner. Transfection of cells with a Gag-Pol expression construct containing the full-length HFV LTR R and U5 regions results in efficient protein production (9) . It has been proposed that deletion of the U5 region can be tolerated but that deletion of the R region results in a loss of both Gag and Pol expression while exerting little effect on the level of Gag-encoding mRNA present in the cell (10) . To confirm this observation, a set of HFV Gag-Pol expression plasmids containing different sections of the R region in a variety of positions and orientations was generated (Fig. 1A) . These constructs, which are all based on mammalian expression plasmid pCI, contain the HFV gag and pol genes under the transcriptional control of the heterologous CMV IE promoter. The translation initiation codon of HFV gag was replaced with a consensus initiation codon (15) , and HFV R sequences were then introduced between the CMV IE promoter and this artificial initiation codon. The ability of these constructs to direct the synthesis of Gag or Pol protein was then assayed by transient transfection of 293T cells followed by gel electrophoresis and Western blotting of cell extracts ( Fig. 1B and C) .
Using this assay, the minimal, discrete R sequence that proved to be both necessary and sufficient for the induction of efficient Gag or Pol protein production was found to coincide with the first 130 to 151 bp of the R region (pRR7 and pRR2; Fig. 1B and C) . This result is particularly surprising for Pol, as Pol is expressed from a spliced mRNA lacking all sequences between the major SD at position ϩ51 and a splice acceptor (SA) site located near the 3Ј end of gag (Fig. 1A) (12) . Total removal of the R sequence (pRR3) or further deletion from either the 3Ј or the 5Ј end of this 151-bp sequence (pRR0, pRR10, pRR4, and pRR9) resulted in reduced Gag or Pol production, at times to undetectable levels ( R REGION IS CRITICAL FOR HFV Gag AND Pol PRODUCTION(pRR6) resulted in only a slight decrease in protein production, suggesting that this sequence was not a critical element (Fig. 1B and C) . To confirm that these data did not reflect a species-or tissue-specific phenomenon, we also examined the level of Gag expression obtained after transfection of hamster cell line BHK-21. These data (not shown) were closely comparable to the data obtained with human 293T cells (Fig. 1) . In addition, we examined whether expression in trans of the HFV regulatory protein Tas or Bet would exert any detectable effect on the level of Gag expression; however, no such effect was observed (data not shown).
The R region does not act at the level of transcription or RNA stability. The results presented in Fig. 1 demonstrate that sequences located within the first 151 nts of the HFV LTR R region act in a location-and orientation-dependent manner to boost the production of both viral Gag and Pol proteins. We considered four possible hypotheses to explain this effect. (i) The R region was acting as a transcriptional enhancer; (ii) the R region was affecting RNA stability in the nucleus and/or in the cytoplasm; (iii) the R region was acting at a posttranscriptional level, perhaps as a CTE; or (iv) the R region was affecting translation. These hypotheses are, of course, not mutually exclusive. The observation that R sequences located between the SD at position ϩ51 and position ϩ130, which are not present in the pol mRNA, nevertheless could dramatically enhance Pol protein expression (Fig. 1C ) seemed inconsistent with a mechanism acting entirely at the level of nuclear export or cytoplasmic translation, i.e., hypotheses iii and iv. Conversely, the earlier data of Heinkelein et al. (10) arguing that deletion of the R region did not affect total cellular levels of gag mRNA, even though Gag protein production was blocked, argued against an effect at the level of transcription or RNA stability, i.e., hypotheses i and ii.
As a first test of the above hypotheses, we performed RPA to measure the total steady-state expression of the unspliced gag and spliced pol mRNAs in cells transfected with the active construct pRR2 or the inactive construct pRR0 or pRR3 (Fig.  1A) . The probe used in this assay traverses the pol SA and can therefore simultaneously quantitate the levels of expression of both mRNA species. As shown in Fig. 2 and as previously reported by Heinkelein et al. (10) , the presence or absence of the R region did not have a significant effect on the level of expression of gag mRNA. In contrast, pol mRNA was detected only in cells transfected with the active plasmid pRR2. The lack of expression of pol mRNA was predicted for pRR3, as this plasmid lacks the SD used to generate this mRNA, but was unexpected for pRR0, as this plasmid retains the pol SD at position ϩ51 as well as 12 additional 3Ј-flanking nts that fully suffice to encode a consensus splice site (Fig. 1A) . These data therefore imply that sequences located in the HFV R region, 3Ј to position ϩ65, are required for effective utilization of the SD located at position ϩ51 in the R region.
Recent data have suggested that splicing can significantly enhance the expression of certain mRNA species (20) ; therefore, we decided next to examine whether the presence of a functional intron in cis might enhance Gag protein expression. For this purpose, we constructed derivatives of pRR0, pRR2, and pRR3 containing an intron introduced into the 5Ј noncoding region and/or into the 3Ј noncoding region of the predicted gag mRNA molecule (Fig. 3A) . The intron introduced into the 5Ј noncoding region of pRR0, to give pRR0-SDSA, is a chimeric intron that is present in parental expression plasmid pCI and that contains a 5Ј splice site derived from a human ␤-globin intron linked to a 3Ј splice site derived from an IgG intron. In contrast, the intron introduced into the 3Ј noncoding region of pRR0, pRR2, pRR3, and pRR0-SDSA is the complete second intron derived from the rat preproinsulin II gene (19) . The resultant clones are shown in Fig. 3A . As shown in Fig. 3B , insertion of an intron into the 5Ј noncoding region of pRR0, to give pRR0-SDSA, markedly activated Gag protein expression, while insertion of an intron into the 3Ј noncoding region neither activated (pRR0-intron and pRR3-intron) nor enhanced (pRR2-intron) Gag protein expression. When an intron was present in both the 5Ј and the 3Ј noncoding regions (pRR0-SDSA-intron), the level of Gag protein expression observed was closely similar to that seen in pRR0-SDSA (Fig. 3A) . Therefore, while the intron introduced into the 5Ј noncoding region was able to activate Gag protein expression, an intron introduced into the 3Ј noncoding region had no detectable effect, either positive or negative, on the level of Gag synthesis.
The HFV LTR R region is not a CTE. We next used RPA to examine whether the presence of the R region affected the level of RNA expressed in the nucleus or cytoplasm of transfected cells. The RNA probe used in this assay traverses the 3Ј splice site present in the rat preproinsulin II gene-derived intron inserted into the 3Ј noncoding region of selected Gag expression constructs. This RNA probe therefore allows us to distinguish between RNAs that retain this intron and those that have lost it due to splicing. In addition, construct pBC12⌬I (3) expresses an mRNA containing a short segment of the rat preproinsulin gene that can hybridize to this RNA probe, and pBC12⌬I therefore serves as an important internal control to normalize for transfection efficiency and RNA recovery.
As shown in Fig. 3C , this 181-nt probe could rescue a protected fragment of 158 nts specific for unspliced (U) mRNA, a protected fragment of 96 nts specific for spliced (S) mRNA, and a 76-nt fragment specific for the pBC12⌬I internal control (IC) mRNA. Unspliced mRNAs were readily detected in the nucleus of transfected cells, yet little or no unspliced RNA reached the cytoplasm for all constructs tested. Quantitation of the level of spliced mRNA in the cytoplasm of transfected cells, which presumably could encode either Gag or Pol, revealed a relatively small difference in RNA levels between the two constructs that express readily detectable levels of Gag (i.e., pRR2-intron and pRR0-SDSA-intron) and those that do not (i.e., pRR0-intron and pRR3-intron) (Fig. 3C and D) . Specifically, steady-state levels of cytoplasmic mRNA differed by a maximum of ϳ3-fold (pRR2-intron versus pRR3-intron) to a minimum of ϳ1.4-fold (pRR0-intron versus pRR0-SDSAintron). In contrast, quantitation of the level of Gag protein expression from these constructs by analysis of the intensity of the chemiluminescence signal detected by Western blotting of transfected cell extracts demonstrated that the level of Gag expression induced by pRR0-intron and pRR3-intron was ϳ15-fold lower than that seen with pRR2-intron and ϳ8-fold lower than that seen with pRR0-SDSA-intron ( Fig. 3B and D) . Therefore, whatever the mechanism by which the R region (in pRR2-intron) or the 5Ј intron (in pRR0-SDSA-intron) enhances Gag protein expression, it does not exert a marked effect on the level of cytoplasmic gag mRNA.
The data shown in Fig. 3C demonstrate that the removal of the introduced rat insulin gene intron was a prerequisite for nuclear RNA export (for example, compare lanes 7 and 8); therefore, it seemed unlikely that the R region was acting as an RNA export signal analogous to a CTE. As an alternative test of this hypothesis, we inserted full-length copies of the MPMV CTE (1) or the HIV-1 RRE (21) into pRR3 to give pRR3-CTE or pRR3-RRE, respectively. As shown in Fig. 4 , neither of these elements was able to induce HFV Gag protein expression, in the latter case whether HIV-1 Rev was expressed or not. Similar data were also obtained upon insertion of the ALV CTE (31) into the 3Ј noncoding region of pRR3 (data not shown). Therefore, the R element does not induce the export of incompletely spliced mRNAs when present in cis, nor can it be functionally substituted for by RNA elements known to act as nuclear RNA export inducers.
Effect of the HFV LTR R region on mRNA utilization. The data presented in Fig. 3 demonstrate that the R region can dramatically enhance the level of Gag protein expression without markedly affecting the level of cytoplasmic gag mRNA expression. If the R region indeed enhances the utilization of gag mRNA in the cytoplasm, then one can envisage two possible mechanisms. On the one hand, the R region might simply enhance the efficiency of ribosome recruitment to the 5Ј noncoding region and/or the efficiency with which recruited ribosomes initiate translation of the Gag protein. Conversely, the R region might act in the nucleus to target the linked mRNA to a region within the cytoplasm where translation initiation is more efficient. To distinguish between these two possibilities, we constructed derivatives of pRR0, pRR3, and pRR2 as well as of pRR0-SDSA in which a poliovirus IRES (25) linked to a cat indicator gene was inserted into the 3Ј noncoding region. We reasoned that if the R region or the inserted SDSA intron exerted its effect by promoting translation initiation of scanning ribosomes recruited to the 5Ј end of these mRNAs, then the R region should have little or no effect on the expression of cat, which should be controlled exclusively by the inserted IRES (27) . Conversely, if the R region targeted the RNA to a cytoplasmic subdomain where translation was highly efficient, then Gag and CAT expression might be closely correlated. As shown in Fig. 5 , there was indeed a strong and apparently linear correlation between the level of expression of Gag and the level of expression of CAT in transfected 293T cells. We therefore conclude that the R element, if it exerts its effect at the translational level, does so by a mechanism other than by optimizing translation initiation at the Gag initiation codon.
In a final experiment, we examined whether the R element could itself be functionally replaced by an IRES. However, as shown in Fig. 4 , insertion of an IRES in place of the R region to give pRR3-IRES did not result in the activation of Gag protein expression.
DISCUSSION
Previously, Heinkelein et al. (10) reported that the R region of the HFV LTR was critical for the expression of both viral Gag and Pol proteins, even though the presence or absence of the R region had little effect on the level of expression of HFV gag mRNA. This result was of interest as it suggested that the HFV R region was activating the expression of the HFV gag and pol gene products by a posttranscriptional mechanism. This suggestion raised the possibility that the R region might be functionally comparable to the CTE RNA targets present in certain simple retroviruses, such as MPMV and ALV, that act to induce viral structural protein expression by inducing the nuclear export of the cognate viral mRNA species (1, 31) .
In this study, we have confirmed the observation (10) that the R region is required for HFV Gag and Pol expression and have mapped the essential sequences to the first ϳ130 nts of the R region (Fig. 1) . Remarkably, further 3Ј deletion to ϩ122 or, particularly, to ϩ65 resulted in a dramatic inhibition not only of Gag expression but also of Pol expression (Fig. 1) . This was a surprising observation, in that Pol is translated from a spliced mRNA that utilizes an SD located at ϩ51 in the R region (12) . Therefore, sequences that are located within the HFV pol gene intron and that extend significantly beyond the ϳ6-nt splice site consensus located immediately 3Ј to the SD are critical for Pol expression. In agreement with the previous data of Heinkelein et al. (10), we observed that the R region did not have a significant effect on the total steady-state level of HFV gag mRNA expressed in transfected cells (Fig. 2) . However, expression of the spliced (HFV) pol mRNA was not detectable in cells transfected with constructs, such as pRR0, that do not contain the entire HFV R element (Fig. 2) , even though, as noted above, pRR0 retains the pol SD and 14 3Ј-flanking nts (Fig. 1A) . These data therefore imply that sequences that are located in the R region and that form part of the pol mRNA intron are required in cis for the effective production of the spliced pol mRNA. In contrast, while these same R sequences also exert a strong activating effect on the expression of the unspliced gag mRNA, they do not affect the total level of gag mRNA (Fig. 1B and 2) .
Given this conclusion, we therefore next examined whether the R region had any effect on the subcellular localization of unspliced HFV gag mRNAs. As shown in Fig. 3B , we did not see any marked effect of the R region on either the nuclear or the cytoplasmic level of expression of gag mRNAs. Although 293T cells were transfected with 1.8 g of pRR0-intron, pRR2-intron, pRR3-intron, or pRR0-SDSA-intron. As an internal RNA control, each culture also received 50 ng of pBC12⌬I (3) . Two days after transfection, cells were harvested and separated into cytoplasmic and nuclear fractions and RNA was isolated (31) . The RPA was performed using a full-length probe (F) of 181 nts, designed such that the unspliced gag-containing RNA (U) would give a protected probe fragment of 158 nts, the spliced gag-containing transcript (S) would give a fragment of 96 nts, while the internal control (IC) would protect a fragment of 76 nts. Lane 1, 1/30 the input probe; lanes 2 to 12, 45 g of yeast cell RNA and 5 g of 293T cell RNA as starting materials; lane 2, total 293T RNA from mock-transfected cells; lanes 3, 5, 7, 9, and 11, RNA from the nuclear (N) fractions; lanes 4, 6, 8, 10 , and 12, RNA from the cytoplasmic (C) fractions. In lanes 3 and 4, cells were transfected with the pBC12⌬I internal control DNA only, while in lanes 5 through 12, cells were transfected with pBC12⌬I plus the indicated plasmid. (D) Comparison of the relative levels of cytoplasmic spliced gag RNA and Gag protein expression from the various constructs. RNA levels were determined by quantifying the band intensity in panel C using a Storm 860 Phosphorimager (Molecular Dynamics). The cytoplasmic gag RNA was normalized against the internal control RNA. Gag protein production was analyzed by quantitation of the intensities of bands detected by Western analysis using chemiluminescence, as shown in panel B, with LabImage 2.51 software (Labsoft). The gag RNA and protein levels from the pRR2-intron transfection were both arbitrarily set at one.
there was a modest 2-to 3-fold increase in the level of cytoplasmic expression of mRNAs bearing the functional R element, this effect was clearly much lower than the ϳ15-fold effect of the R element on the level of Gag protein expression ( Fig. 1 and 3) . We next examined whether the R region might be functionally replaceable by RNA elements that have been shown in other contexts to exert a positive effect on gene expression. Consistent with the observations that the R region had little effect on the cytoplasmic level of expression of spliced mRNAs and was incapable of inducing the cytoplasmic expression of an unspliced mRNA containing an introduced heterologous intron (Fig. 3) , we did not find that R function could be substituted for by any of several different retroviral RNA export elements, including the MPMV CTE and the HIV-1 RRE (Fig. 4 and data not shown) . We therefore conclude that the R element does not act as a nuclear RNA export element analogous to a CTE. Surprisingly, however, insertion into the gag 5Ј noncoding region of an intron in place of the R region was able to largely rescue Gag protein expression, even though insertion of an intron into the 3Ј noncoding region had no detectable effect (Fig. 3A) . Even though this 5Ј intron, present in pRR0-SDSA, increased Gag protein expression by ϳ8-fold, it also exerted no significant effect on the cytoplasmic level of expression of the cognate spliced viral mRNA (Fig. 3) .
To examine whether the R region had any direct effect on the translation of linked RNA sequences, we next inserted a poliovirus IRES, linked to the cat indicator gene, into the 3Ј noncoding region of selected Gag expression plasmids. IRES elements are able to directly recruit ribosomes to a linked open reading frame (25, 27, 29) , and they should therefore be functionally independent of any sequence elements that are introduced into the mRNA 5Ј noncoding region and that might act to facilitate cap-dependent ribosome recruitment. Nevertheless, as shown in Fig. 5 , the R region exerted exactly the same positive effect on cat expression as it did on the level of expression of Gag.
Based on these data, it appears that sequences located within the gag and/or pol genes of HFV exert a significant inhibitory effect not only on the expression of Gag but also on the expression of other genes introduced in cis, such as the cat indicator gene (Fig. 4) . Introducing the R region at the 5Ј end of the mRNA overcomes this inhibition by an apparently nuclear mechanism that nevertheless does not exert a significant effect on the cytoplasmic accumulation of gag mRNA. The activating effect of the R region can be partly substituted for by insertion into the 5Ј noncoding sequence of an intron in place of the R region, but neither the R region nor an intron inserted into the 3Ј noncoding sequence can rescue Gag protein expression. How an R region-induced posttranscriptional event occurring in the nucleus would affect the cytoplasmic fate of HFV gag mRNA remains unclear, although it has been shown that certain nuclear posttranscriptional modifications can "imprint" mRNAs with specific mRNA binding proteins that then accompany the mRNAs into the cytoplasm of the cell (13, 17) . If the R region indeed acts in the nucleus to modify the subsequent cytoplasmic utilization of gag mRNA, then mRNAs that retain the R region but have not been imprinted in the nucleus 293T cells were transfected with plasmid pRR0-IRES-CAT, pRR3-IRES-CAT, pRR0-SDSA-IRES-CAT, or pRR2-IRES-CAT. At 48 h after transfection, cells were harvested. Aliquots were used for measurement of induced CAT enzyme activity or for measurement of Gag protein production by Western blotting, followed by quantitation with LabImage 2.51 software. The data were then normalized against pRR2-IRES-CAT, the value for which was arbitrarily set at one, and plotted as shown. should not demonstrate any R region-dependent activation of translation. It will be of interest to test this hypothesis using in vitro translation assays or perhaps direct transfection of mRNA molecules. It is of interest to compare the observations reported above with published data examining the importance of the R and U5 regions for gene expression in other retroviruses. For example, Trubetskoy et al. (30) reported that the R region of the murine leukemia virus LTR could dramatically boost the expression of a linked unspliced cat mRNA but that the presence or absence of the R region had little effect on cat expression if an intron was introduced into the cat 5Ј noncoding region. These findings appear similar to our data showing that the HFV R region can be functionally replaced by an intron introduced into the 5Ј noncoding region but not by an intron present in the 3Ј noncoding region. However, Trubetskoy et al. (30) noted a major reduction in the steady-state level of the unspliced RNA lacking the R element, a result which clearly differs from our findings (Fig. 2) .
Analysis of the importance of the R region in spleen necrosis virus (SNV), a retrovirus that is fairly closely related to murine leukemia virus, produced a somewhat different result. While the R region of the SNV LTR also proved critical for the expression of the linked viral gag gene, Butsch et al. (2) observed only a modest 2-to 3-fold increase in the level of cytoplasmic gag RNA even though the production of Gag protein was increased by Ͼ100-fold when the R region was present. Like the HFV R region (Fig. 1) , the SNV R region was found to function in a position-and orientation-dependent manner. Based on these data, as well as subsequent work examining the effect of the R region on the expression of linked nonviral sequences (26) , it was proposed that the SNV R element functioned by enhancing the efficiency of translation of linked genes. Why the SNV gag gene was incapable of being translated even though the cognate mRNA was readily detectable in the cytoplasm was not addressed in these earlier reports. The close similarity of the phenotypes exerted by the SNV and HFV R regions strongly suggests that these essentially unrelated retroviruses have developed comparable, and apparently entirely novel, mechanisms to activate the cytoplasmic expression of their viral structural proteins. However, how this activation is achieved and whether the R elements have indeed evolved as some form of mechanistically distinct substitute for the retroviral RNA export elements observed in other retrovirus families are currently unclear.
